ABSTRACT A dynamic mathematical model based on anaerobic digestion model no. 1 (ADM1) was developed for accumulation (AC) system treating concentrated black water and faecal matter at different temperatures. The AC system was investigated for the treatment of waste(water) produced from the following systems: vacuum toilet for black water (VBW), vacuum toilet for faeces with urine separation (VF), dry toilet (DT), dry toilets for faeces with urine separation (DF), separated faecal matter from conventional black water by filter bag (FB). For evaluation of the AC system treating the proposed waste(water) sources at 20 and 35 W C, two options were studied: (1) The filling period of the AC system was constant for all waste(water) sources (either 1, 3 or 6 months) and for each period, the seed sludge volume was varied; (2) The volume of the AC system was constant for all proposed waste(water) sources. The results showed that the filling period of the AC system was the main parameter affecting the system performance, followed by operational temperature, while the increase of the seed sludge volume slightly enhanced the performance of the system. The model results indicated that the filling period of the AC system should be higher than 150 days for obtaining a stable performance. It was found that the hydrolysis of biodegradable particulate chemical oxygen demand (COD) is the rate limiting step, as volatile fatty acid concentration is very low in all experimental conditions (<200 mgCOD/L at 20 W C and <100 mgCOD/L at 35 W C). Based on the results of the two options, it was found that the concentrated waste(water) sources have better performance than the diluted waste(water) sources, like VBW waste(water). Furthermore, smaller volume will be required for the AC system.
INTRODUCTION
In conventional sanitation, the domestic wastewater is considered only as a pollutant, where valuable resources in wastewater (water, organic matter and nutrients) are destroyed and discharged unproductively into the water bodies, whereas, in sustainable sanitation the domestic wastewater is considered not only as a pollutant, but also as a resource for closing water and nutrients cycles (Otterpohl et al. . Therefore, in sustainable sanitation, separate treatment of grey water and black water is mainly applied, which can lead to appropriate utilisation of resources in the wastewater and proper control and removal of macro and micro pollutants.
Anaerobic digestion is the only process, which removes and, at the same time, converts the organic matter in the wastewater to a valuable product, biogas. Consequently, it is beneficial to apply anaerobic digestion within sustainable sanitation (Elmitwalli et al. a) . The accumulation (AC) system is mainly applied for the anaerobic digestion of concentrated waste(water) and solid wastes, like manure (Zeeman ). In AC system, anaerobic-digestion and storage of waste(water) are combined in one reactor. Consequently, the AC system can be considered as a suitable option for on-site treatment of concentrated waste(water). In sustainable sanitation, the treated concentrated waste (water) will be used as a fertiliser. Therefore, a storage tank will be needed for the effluent, if a completely stirred tank reactor (CSTR) will be applied for anaerobic digestion of the concentrated waste(water) (Otterpohl et al. ) . Accordingly, application of the AC system for the concentrated waste(water), like black water and faecal matter, represents a suitable option as compared to CSTR.
The AC system represents a low cost technology and can easily be installed in the cellar or in the front (under ground) of the houses in rural and urban areas. The design volume of the AC system depends primarily on the amount of the seed sludge and the provided waste(water) and the demanded storage period (Zeeman & Lettinga ) . Kujawa-Roeleveld et al. (), Elmitwalli et al. (b) and Kujawa-Roeleveld et al. () studied the performance of the AC system for anaerobic digestion of black water collected by vacuum toilet system. They found that the AC system was effective in waste(water) treatment, as about 60% of the chemical oxygen demand (COD) was converted to methane after a storage period of about 100 days at operational temperature of 20 W C. Elmitwalli et al. (b) found that the maximum anaerobic biodegradability (conversion to methane) of black water is relatively high (more than 80%) and, therefore, they proposed anaerobic digestion of black water for energy recovery from the waste(water). The water used in toilet flushing represents the major part of black water (more than 95% of black water in conventional toilets). Accordingly, different toilets have been developed for reduction of toilet flushing water, like vacuum toilet for black water (VBW), vacuum toilet for faeces with urine separation (VF), dry toilet (DT), dry toilet for faeces with urine separation (DF). These systems are explained extensively by Otterpohl et al. () . As black water contains a high amount of suspended solids (SS), the filter bag (FB) is used for separation of large SS in black water, where the wastewater is filtered through a bag made of synthetic textile (Gajurel et al. ; ) . There are limited researches in anaerobic treatment of the waste(water) from the previous systems, and the design of the treatment systems is mainly based on empirical design. Therefore, the aim of this research is to study AC system performance for the treatment of concentrated black water and faecal matter from the previous systems (VBW, VF, DT, DF and FB) at different temperatures. Therefore, a dynamic mathematical model based on anaerobic digestion model no. 1 (ADM1), Batstone et al. () , was developed to predict the performance and obtain the optimum operational conditions of the AC system.
MATHEMATICAL MODEL
For simplification and reduction of constants assumption, the models are mainly based on first-order for hydrolysis of biodegradable particulate and decay of biomass, while Monod kinetics are applied for acidification and methanogenesis. Table 1 shows biochemical rate coefficients and kinetic rate equations for particulate and soluble components. As the AC system is characterised by having inflow without outflow, the waste(water) volume in the system is a variable. Accordingly, the mass balance for any waste(water) component, C (soluble or particulate) can be written as in Equation (1). Kujawa-Roeleveld et al. () determined the characteristics of faeces, urine and the waste(water) produced from VBW. Accordingly, the flow and waste(water) composition from the different toilet sources can be obtained. The expected flow of the waste (water) produced from VBW, VF, DT, DF and FB will be 7.4, 1.14, 1.75, 0.39 and 0.31 L/(capita. day), respectively, and the expected total COD will be 10, 65, 45, 200, 250 gm/L, respectively. Table 2 presents the characteristics of the waste(water) and the seed sludge. The characteristics of the seed sludge were selected based on the research of Kujawa-Roeleveld et al. () and Elmitwalli et al. (b) . Table 3 shows the values of constants and variables applied in the model. As there are limited available values of the constants and variables, they are mainly assumed based on the values mentioned on ADM1 (Batstone et al. ) . It is assumed that the used seed sludge is adapted with the waste (water). The developed model is a dynamic model and is performed by applying numerical integration at the small time interval of a minute. For evaluation of the AC systems treating the proposed waste(water) sources at 20 and 35 W C, two options were studied. (1) The filling period of the AC systems was constant for all waste(water) sources (either 1, 3 or 6 months) and for each filling period the seed sludge volume was varied to be 15, 30 and 50% of the total influent waste(water) volume. The seed sludge volume is the volume of the seed sludge divided by the total volume of the influent wastewater. (2) The volume of the AC system was constant for all proposed waste(water) sources (2.2 m 3 ), which is equivalent to a filling period of one month for 10 persons using VBW system.
RESULTS AND DISCUSSION
Option 1: constant filling period at different seed sludge volume and operational temperature
Figures 1 to 5 represent the performance of the AC systems treating the different waste(water) sources. The results show under the studied operational conditions that the filling period is the main parameter affecting the performance of the AC system, followed by the operational temperature. Increasing the filling period from 30 to 180 days with 15% seed sludge volume at 20 W C, increases the wastewater conversion Elmitwalli et al. (b) to methane (accumulated methane production as COD/total COD of the added wastewater) from 56 to 76% and decreases the remaining biodegradable particulate COD from 1,700 to 325 mg/L. Temperature increasing mainly affects the performance of the AC system at short filling period and lower seed sludge volume. Increasing the temperature from 20 to 35 W C at filling period and seed sludge volume of 30 days and 15%, respectively, increases the wastewater conversion to methane from 56 to 63% and decreases the remaining biodegradable particulate COD from 1,700 to 1,050 mg/L. The increase of the seed sludge volume slightly enhances the performance of the AC system by decreasing the remaining particulate COD. Increasing the seed sludge volume from 15 to 50% at filling period of 30 days at 20 W C, slightly increases the wastewater conversion to methane (from 56 to 58%) and decreases the remaining biodegradable particulate COD from 1,700 to 1,325 mg/L. The results show that, for all waste(water) sources, VFA is always lower than 100 and 200 mg/L at operational temperature of 20 and 35 W C, respectively. Based on the concentration of biodegradable particulate COD (demonstrated in Figures 1  to 5 ), it can be concluded that the hydrolysis of biodegradable particulate COD is the rate limiting step, as volatile fatty acid (VFA) concentration is very low in all experimental conditions compared to the biodegradable particulate COD concentration. The degradation of biodegradable particulate COD mainly depends on the filling period, followed by temperature and after that seed sludge volume. The results demonstrate that the filling period of the AC system should be higher than 150 days for obtaining higher degradation of biodegradable particulate COD and, in such conditions, decreasing temperature from 35 to 20 W C and seed sludge ratio to 30% have a limited effect on the AC system performance. Kujawa-Roeleveld et al. () , Elmitwalli et al. (b) and Kujawa-Roeleveld et al. () recommended lower value for the filling period (100 days) of the AC system treating vacuum black water. They selected the filling period based on the maximum conversion to methane, while in the mathematical model, the recommended filling period of 150 days is selected based on both higher conversion to methane and higher degradation of biodegradable particulate COD.
Option 2: constant AC system volume At a constant storage-volume of 2.2 m 3 , the filling period will be 30, 195, 127, 516 and 716 days for the AC systems treating the waste(water) produced from VBW, VF, DT, DF and FB system, respectively. This clear difference in the filling period affects the AC system performance treating each waste(water), as shown in Figures 6 to 8. For more diluted waste(water), like the VBW waste(water), the stability of the AC system decreases and the VFA concentration in the AC system is relatively high (Figure 6 ), especially at 20 W C. Therefore, low and fluctuating methane production is obtained (Figure 8 ) and a high amount of biodegradable particulate COD remains in the reactor without conversion (Figure 7) . Accordingly, the treatment of the diluted waste (water), like VBW waste(water), in AC system will result in a lower value of accumulated methane production. The results demonstrate that the AC system treating FB waste (water) has 57% higher accumulated methane at the end of the filling period than that produced from VBW at operational temperature of 20 W C, while the difference is
The results of the two options show that the filling period of the AC system is the most effective parameter in operation of the system at temperature ranging between 20 and 35
W C, and it should be more than 150 days to guarantee efficient performance.
CONCLUSIONS
The results showed that the filling period of the AC system was the main parameter affecting the system performance, followed by operational temperature. The increase of the seed sludge volume slightly enhanced the performance of the AC system. The model results showed that the filling period of the AC system should be higher than 150 days for obtaining a stable performance. It is concluded that the hydrolysis of biodegradable particulate COD is the rate limiting step, as VFA concentration is very low in all experimental conditions. Based on the results of the applied two options, it can be concluded that the concentrated waste(water) sources have better performance than the diluted waste(water) sources. Furthermore, smaller volume and lower losses in biogas, as dissolved in the effluent, will be accomplished in the treatment of concentrated waste(water) sources in the AC system.
